Bacteria can adjust the structure of colonies and biofilms to enhance their survival rate under external stress. Here, we explore the link between bacterial interaction forces and colony structure. We show that the activity of extracellular pilus motors enhances local ordering and accelerates fusion dynamics of bacterial colonies. The radial distribution function of mature colonies shows local fluid-like order. The degree and dynamics of ordering are dependent on motor activity. At a larger scale, the fusion dynamics of two colonies shows liquid-like behavior whereby motor activity strongly affects tension and viscosity. PACS: 87.18.Fx 2 Cocci are spherically shaped bacterial cells. Often, they produce surface structures that mediate attractive interactions between bacteria. Spheres with attractive interactions are reminiscent of non-living colloidal systems with attractive interactions that tend to form liquid -or crystallike structures. Assembly of colloidal crystals can be well controlled for example by DNAhybridization or through electrostatic interactions [1][2][3]. Thereby dynamics and efficiency of equilibration are very sensitive to the form and range of interaction potentials which are difficult to control experimentally [1,4].
colony structures were imaged using confocal microscopy. The dominant morphologies were spherical colonies (Fig. S2) . A particle tracker was used to determine the three-dimensional coordinates of the cell bodies within the colonies (Fig. 1, Fig. S3 ). The bacteria were tightly packed within the colonies and the average density (number of nearest neighbors n within 1.4 µm of reference bacterium) tended to increase between 6 h and 24 h of colony growth (Fig.   1b,c, Fig. S3d ). Within some colonies, holes were present after 24 h. Therefore, we calculated the remoteness [14] , i.e. the probability of having a distance r from each voxel to the centroid of the closest bacterium (Fig. S3c) . We found that the remoteness shifted to higher values after 24 h, in agreement with having more and larger areas that were not occupied with bacteria within the colony.
To address the question whether bacteria are ordered within the colonies, we determined the radial distribution function g (r) . g(r) is defined so that ⁄ ( ) 2 is the probability that the center of a bacterium will be found in the range dr at a distance r from the center of another bacterium, where ⁄ is the number density of bacteria. At 6 h, g(r) showed two maxima ( Fig.   1d ). At higher cell-to-cell distances, the distribution is flat indicating that no order existed at distance exceeding r = 2.5 µm or three cellular diameters. After 24 h, the position of the first maximum shifted to a lower value. A lower average contact distances is in agreement with increased cell density and agrees well with simulations that explicitly take T4P dynamics into account [15] . They are also reminiscent of the radial distribution functions found in colloidal systems with Lennard-Jones-like interactions [16] . Various analytical expressions for g(r) have been proposed for Lennard-Jones fluids and shown to fit the radial distribution function obtained from Monte-Carlo simulations very well [17, 18] . Here, we used the formula proposed by Matteoli and Mansoori [17] where 0 is the contact distance between two bacteria, = 0 ⁄ and m, , and  are adjustable parameters (Table S2 ). In particular, the contact distance was found to decrease from r0 6h = (1.18 ± 0.02) µm to r0 24h = (1.14 ± 0.01) µm and the amplitude of the first maximum increased from g(r0) 6h = 1.23 ± 0.02 to g(r0) 24h = 1.46 ± 0.02. To summarize, gonococcal colonies show increasing local ordering and density with time.
Non-functional T4P retraction ATPases affect pilus motor activity. -Attractive force between
gonococci is primarily generated by type IV pili (T4P) [12] [11] . Deletion of these hair-like appendages inhibits the formation of colonies. Here, we addressed the question whether local ordering required motor activity of the T4P. The idea is that T4P form a network between the bacteria and retraction of individual T4P generates a tug-of-war between bacteria (Fig. 1e) , causing local order. To scrutinize this idea, we used a mutant strain lacking the T4P retraction ATPase PilT. These bacteria generate pili capable of supporting colony formation. However, pili cannot retract and therefore active force-generation is inhibited in this strain [19] . For tuning motor activities, we additionally generated strains pilTWB1 and pilTWB2 where we introduced non-functional pilTWB under the control of different promoters in addition to functional pilT.
The rationale behind this construction was that non-functional PilTWB is likely to exert a dominant-negative effect on T4P retraction because PilT functions as hexamers that induce T4P
retraction upon binding to the T4P complex [20] . Using a bacteria-two hybrid approach, we verified that the interaction between PilT-PilT and PilT-PilTWB were comparable (FIG. S6), strongly suggesting that PilT-PilTWB heterohexamers form.
We used our previously established T4P retraction assay for quantifying the effect of pilTWB expression on motor activity (FIG. 2a) [8] . The distribution of T4P retraction velocities shifted to lower values in strain pilTWB1 compared to wt* and to even lower values for strain pilTWB2 (FIG. 2b) . In the presence of non-functional PilTWB, the probability of finding a T4P in the state of elongation or pausing increased in strains pilTWB1 and pilTWB2 (FIG. S7 ). In conclusion, expression of non-functional pilTWB ATPases strongly affects T4P motor activity, namely motor velocity and the probability of finding the motor in the states of retraction, elongation, and pausing, respectively.
Pilus motor activity affects bacterial interactions. -We aimed at correlating changes in motor activity with changes of the interactions between bacteria. We used a dual laser trap setup for characterizing the dynamics of pilus-mediated interaction forces between two bacteria (FIG.   3a) . A spherical bacterium was trapped within each of the laser traps. When the pili from different bacteria bind to each other and at least one of them retracts, the bacteria are attracted towards each other (FIG. 3b) . We observed different states of pilus-pilus interactions including T4P retraction pulling both bacteria towards each other, elongation, where the bacteria moved away from each other, and pausing where d was constant but nonzero. Often, bacteria moved away from each other at a rate larger than 10 µm/s, indicating that the bond between pili had ruptured. Sometimes, the cell did not return to the center of the laser trap after a rupture event.
In this case (denoted as bundling), we assume that more than one pilus was bound and while the shortest bond had ruptured, the second shortest bond kept the bacteria deflected from the center of the trap. The mean rupture force was F wt* rupture = (50 ± 24) pN for wt* (Fig. 3c) . Neither strain pilTWB1 nor strain pilTWB2 showed significantly different distributions (KS-test) from the wt* distribution. Next, we investigated the frequencies at which the transitions to a specific state occurred (Fig. 3d) . The frequency at which T4P retracted decreased in the presence of non-functional PilTWB while the frequency of elongations increased. Importantly, the rupture frequency decreased with in the presence of PilTWB. The probability that two cells in the laser traps were connected through pili increased in strain pilTWB1 and was highest in strain pilTWB2 (FIG. 3e) . This observation can be explained by the effect of PilTWB on motor activity. T4P tend to elongate rather than detach (FIG. S7) favoring T4P-T4P binding. Additionally, since the detachment rate is force-dependent [8] and the velocity of T4P retraction is lower (FIG. 2b) , the probability of finding T4P attached to each other increases. Taken together, the newly designed strains allow us to tune the dynamics of pilus-mediated attraction through T4P retraction and the frequencies at which pili detach and thus release the interaction between adjacent cells.
Active motors accelerate local ordering. -The structures of the colonies formed by strains pilTWB1 and pilTWB2 were very similar to the wt* structure (FIG. 4a, b, FIG. S8) . Interestingly, after 6 h the contact distances of these mutant strains were larger compared to the contact distance of the wt* (FIG. 4e, f) . After 24 h, both the contact distance r0 WB2,24h = (1.13 ± 0.01) µm and the amplitude of the first maximum g(r0) WB2,24h = 1.48 ± 0.02 were comparable to the wt* parameters. When T4P retraction was fully inhibited by deleting pilT, both the local and the global colony structure were very different from the wt* structure (FIG. 4c, d, FIG. S9 ).
The shape of microcolonies formed by pilT cells was non-spherical in agreement with previous studies [10, 21] . The cell density was lower compared to wt* colonies (FIG. S9) . After 6 h of growth, g(r) showed no evidence for local order (FIG. 4d) indicating that active T4P retraction accelerated the process of local liquid-like ordering. After 24 h, a maximum became discernible, although its amplitude was lower compared to the wt* amplitude with r0 pilT,24h = (1.08 ± 0.04) µm and g(r0) pilT,24h = 1.30 ± 0.02. In summary, active force generation by T4P is not essential for local liquid-like ordering, but it enhances the rate at which local order and dense cellular packaging are achieved.
Motor activity governs shape relaxations. -We addressed the question whether T4P-mediated interaction forces supported liquid-like behavior of bacterial colonies at length scales beyond a few bacterial diameters. Like liquids, populations of self-attracting cocci form spherical colonies that coalesce upon contact [10, 11] . We tested whether the dynamics of colony fusion were in agreement with the shape changes exhibited by an initially ellipsoidal liquid drop as it minimizes its surface area. Using the mutant strains expressing non-functional pilTWB, we can tune the molecular interactions between the bacteria and investigate their effect on the macroscopic properties. During the fusion process, we assume that the energy change due to the reduction of surface area is balanced by the work of viscous deformation. We used the following fluid model of fusion dynamics to describe the shape changes during the fusion of two colonies [22, 23] . Let the initial shape of the fusing colony be described by an oblate ellipsoid with the ratio of the minor axis b and major axis a = ⁄ and its volume
Then the rate of deformation of the drop is
where  is the surface tension and  the viscosity. (f) is described in the Supplementary
Information. If at time t0 an ellipsoid of cells has an axial ratio f0 and by time t it reaches f then
 can be obtained by numerical integration of ( ) .
Experiments were initiated by inducing disassembly of colonies by oxygen depletion as described before [11] . Subsequently, oxygen-rich medium was applied triggering the formation of motile colonies (FIG. 5a ). Once two colonies converged, they fused into a single colony whose projection in the xy-plane took the shape of an ellipse. FIG. 5b shows that (FIG. 5b) . The dynamics of shape changes was slower for the pilTWB1 strain compared to the wt* strain and the distribution of the ratio between surface tension and viscosity, , was shifted to lower values (FIG. 5c) . For describing the short term dynamics of fusion, we used a different model describing the "neck" length of two fusing colonies as a function of time [24] (FIG. S10) . At short time scales on the order of 10 s, the shapes relax faster than the model model predicts. At longer time scales the relaxation dynamics is well-described by the model and  agrees with FIG. 5c. We propose that the relaxation dynamics at short times is dominated by a layer of motile cells residing at colony surfaces [12] . [25] . Using micropipette aspiration, they found a value of NmsiaD = 50 Nsm The typical colony height is 60 µm and more. Using confocal microscopy, the image quality strongly depends on the location (Fig. S12a ). Bacteria scatter and absorb the laser light of the excitation laser. We observed a tendency for lower fluorescence intensity of bacteria within the center of the colonies. This effect is likely to be caused by scattering of the laser beam at the bacteria between the bottom of the sample and the focal plane. Since the signal was high enough for determining the positions of the cells, we did not attempt to distinguish between these effects. Additionally, detector noise and PSF influence image quality. For quantification of the image quality, an example stack of a whole wt* colony was imaged after 24 h and the image signal and noise were determined separately. The image signal was defined with a mask around the tracked bacterial centroids and the noise was defined as the signal between the bacterial bodies. Up to 24 µm, signal and noise are clearly distinguishable (Fig. 12b) . To ensure sufficient image quality and avoid boundary effects, we selected bacteria, which were located at a height of 8 to 22 µm and at least 1 µm away from the colony shell (Fig. 12c) .
Determination of bacterial coordinates. -We used Matlab to analyse the structure of the raw biofilm image stacks. The particle tracking code was adapted from a version for 3D tracking [1] of the original IDL based code [2] . The code uses a spatial bandpass filter which smooths the image and subtracts the background off. As a result, we get smooth Gaussian-like blobs on a zero background. Next, the coordinates of the bacterial positions were found in pixel accuracy by searching for peaks in the filtered image. For a more precise estimate of the bacterial positions in sub-pixel accuracy, we put a mask around each bacterial position and calculated its centroid.
The goal is to determine parameters for the most accurate particle tracking. There are no optimal parameters for bacterial structures, because individual bacteria overlap (diplococci), Brownian motion of the fixed bacteria appears, the intensity of the detected signal decreases and noise increases with penetration depth into the bacterial structure. We set the Gaussian width of the bandpass filter to [1, 1, 1] pixel to obtain smooth Gaussian like blobs on zero background. The diameter of the bacteria was approximated with [0.7, 0.7, 0.7×2.1] µm. The factor 2.1 takes care of the broadened diffraction pattern in z-direction. The separation between the bacteria and the mask around the bacterial positions for the centroid calculation was set to 70% of the diameter. Please note that variation of these parameters does not significantly affect the positions of the peaks of the radial distribution function (Fig. S13 ).
Our image stacks consisted of 140 images. After filtering an image stack, we lost 30 images due to boundary effects. The remaining 110 images were analysed further. Particle positions, which are less than the diameter of a particle away from the edges were discarded. Especially, the bacteria on the colony shell (edge of colony) showed Brownian motion despite fixation. For that reason, we did not include bacteria, which were less than twice the bacterial diameter away from the colony shell.
We checked whether the radial distribution function was homogeneous within the analysed section. To assess cylindrical homogeneity, we subdivided the coordinate data into a cylinder with the major axis corresponding to the z-axis of the colony and a shell surrounding the central cylinder. We found no significant difference of the radial distribution functions (Fig. S14a, b ).
To assess vertical homogeneity, we subdivided the coordinate data into the lower half and the upper half of the analysed segment. The radial distribution functions were slightly shifted towards higher density in the upper half of the segment (Fig. S14c, d ). Yet, the positions of the first maxima and their amplitudes were not significantly different, indicating that vertical inhomogeneity was negligible. Therefore, we did not consider spatial inhomogeneity within the colonies.
Determination of radial distribution function (RDF). -The radial distribution function is
defined as the probability of finding two particles a distance apart, relative to the probability expected in an ideal gas at the same density. It was computed following Allen and Tildesley [3] . We determined the distances between all pairs of particles and sorted them into a histogram with bins and a width of . Assuming there are n his ( ) pairs for a particular bin in the interval [ , + ], the average number of particles whose distance from a given particle lies within the interval is: ( ) = . The average number of particles in the same interval in an ideal gas is:
. The density was determined through a fit of ( ) to ( ). By definition the RDF is:
We note that the shape of the RDF is influenced by the parameters set for obtaining the bacterial coordinates (Fig. S13) . Variation of the width of the Gaussian filter barely influences the RDF (Fig. S13a) . Varying the bacterial diameter shows minor effects at short distances (Fig. S13b) .
Since electron microscopy images are in good agreement with a bacterial diameter of 0.7 µm [4] , this value was used in this study. The strongest effect was found, when the minimum separation between the bacteria was varied (Fig. S13c) . In particular, for very small values, an additional peak around r = 0.5 µm occurred. We attribute this peak to the mean distance between the two cells of a diplococcus, i.e. a cell that has not finished separation and assumes the shape of a dumbbell. Here, we decided to use a minimal separation of 0.49 µm where the amplitude of the first maximum of g(r) was maximal. Importantly, the results show that the positions of the RDF peaks are independent of the parameter variation.
Remoteness. -The remoteness distribution function, a measure of the size of defects or inhomogeneity inside biofilm structures, gives the probability of finding a voxel inside the colony and a bacterial centroid a distance r apart. We implemented the remoteness distribution function [5] , because the RDF averages over all particle distances and loses local information like defects in the structure. We generated a binary image by thresholding the original image to determine which voxels were inside the colony. Subsequently, we extruded 4. Thus the forces are measureable up to 2 x 40 pN. In order to minimize stress responses due to laser induced heat, sample temperatures were kept at 33°C. The samples were prepared by selection of single piliated colonies from overnight GC-plates. The colonies were diluted in GC medium plus Isovitalex. Ascorbic acid (500 mM) was added to inhibit damage by radicals.
Coverslips were etched with potassium hydroxide, coated with BSA and washed rigorously prior to usage. Measurements were performed with at least 5 µm distance to the coated glass surface in order to prevent cell-surface interaction. Only monococcal interactions were recorded. We did not detect any decrease of T4P -activity during 280 s. On average, bacteria were trapped for 69 s. Experimentally, wt* bacteria were inoculated without supply of oxygen. Within a period of ~ 30 min, bacteria used up the oxygen and as a consequence the colonies disassembled as described before [8] . Subsequently, oxygen-rich medium was applied triggering the formation of motile colonies (Fig. 5a ). The initial step of oxygen-dependent disassembly was introduced to ensure that we analysed only colonies whose aggregation was reversible. We found that microcolony formation was reversible for wt* and pilTWB1 but not for the pilTWB2 strain, i.e. microcolonies formed by the latter strain did not disassemble when oxygen was depleted similar to pilT deletion strains [8] .
Analysis of colony fusion dynamics. -
Images were analyzed using Matlab and the DIPimage toolbox. For the analysis, colonies with a volume v < 10 4 µm 3 were taken into account. First, the bright halo around larger objects as colonies was removed. Then the image was median filtered and the local variance was calculated. A threshold was applied to create a binary image and the holes of enclosed areas were filled to detect single objects. Binary operations were used to neglect the deformation of the detected colony contour originating from single and immobile bacteria on the coverslip in the close surroundings. The contour of the object was extracted and fitted by an ellipse for every single time point.
Gordon et al [9, 10] proposed a model that yields the ratio between surface tension  and viscosity  from the dynamics of the shape relaxation from an ellipsoid towards a sphere.
Therein, the rate of rounding up of an ellipse is The expression for the time it takes for an ellipse to change from f0 to f1 The characteristic time c is related to the surface tension and the viscosity by = 0 ⁄ .
In our experiments, the circular contact region r was described well by this model for longer time scales (Fig. S10b, c) . For short time scales, the relaxation occurred faster than described by the model. When fitting the model (eq. 4) to the full data sets including all time points, the ratio of ⁄ was in agreement with the ratio derived from eq. 3 describing the relaxation at long time scales (Fig. S10d) . We interpret the kinks (marked by arrows in Fig. S10b, c) as the time points of transition from early fast relaxation to slower liquid-like relaxation. On average these transitions occurred at (8 ± 3) s for the wt* strain and at (13 ± 7) s for strain pilTWB2. These transition times were considerably shorter than the characteristic times obtained from the fits to eq. 4 of cwt* = (63 ± 37) s and cpilTWB2 = (200 ± 110) s. We have shown previously, that gonococcal colonies form a fairly immobile core surrounded by a layer of highly motile cells [12] , Video 2 therein. The thickness of the motile layer is on the order of ~ 2 bacterial diameters.
We therefore propose that the mobile layer rapidly reorganizes once two colonies come into contact. As a consequence, the length of the neck region r increases faster than predicted by the fluid-model because it involves reorganization of bacteria residing directly at the surface independent of rearrangements within the bulk of the colony.
We conclude that shape relaxations of colonies are consistently described by two different models Using these values, our experimentally determined ratios of  (FIG. 5) [13] . Approximating the shape of the deformed colony by an ellipsoid [14] , the surface tension can be determined by measuring the radius of the microcolony (top view in the microscope) before and after centrifugation through
where ∆ is the density difference between the surrounding medium and the cells of the aggregate, * is the centrifugation force in relative gravitational units, is the main semi-axis of the ellipse, and is a geometric factor given by = ( 9 + 3 − 2) −1 , with = / ℎ , the latter being the radius of the spherical aggregate prior to centrifugation. As such, the surface tension can be obtained by the simple knowledge of , ℎ .
wt* (Ng151) were grown overnight on GC Agar (see below). 5-10 colonies were resuspended in 500 µL fresh medium, vortexed for 5 minutes, and placed in an ibidi 8-well µ-slide (Ibitreat).
Prior to centrifugation, the rsphere of the colonies was determined using an inverted confocal S11b) . Subsequent image analysis was performed in ImageJ. Here, the main axis , ℎ are determined using a plot profile of the intensity profile at the largest width of the colony.
The buoyant density of E. coli was determined to be in the range of (100 -200) fg [15] .
Assuming the same density and a volume of 0. Bacterial biofilm growth conditions. -Each biofilm was grown within ibidi µ-Slides I^0.8 Luer flow chambers for 6 or 24 h, respectively, at constant nutrient flow of 3 ml/h by using a peristaltic pump (model 205U; Watson Marlow, Falmouth, United Kingdom). Bacteria from overnight plates of each strain were resuspended in GC medium to an optical density at 600nm (OD600) of 0.01 and 300 µl of cell suspension was inoculated into the flow chambers. The bacteria were left for 1 h at 37°C to allow for attachment to the glass surface. After 1 h, the flow was switched on.
Bacterial strains. -All bacterial strains were derived from the gonococcal strain MS11 (VD300). In all strains, we deleted the G4-motif by replacing it with the aac gene conferring resistance against apramycin. The G4-motif is essential for antigenic variation of the major pilin subunit [16] . Pilin antigenic variation modifies the primary sequence of the pilin gene. Since the composition of amino acids can affect the pilus density and potentially the rupture force between pili, antigenic variation is likely to generate heterogeneity and distract form the major topic of this study. Since there is no reason to expect that deletion of the G4 motif affects the structure of the biofilm, the strain carrying the G4 deletion is labeled wt* throughout the manuscript. To support this assumption, we verified that the radial distribution function g(r) for the unmodified wt VD300 was comparable to g(r) for wt* shown in Fig. 1 (Fig. S4) .
Furthermore, strains expressing gfpmut3 and mcherry, respectively, were used for some of the experiments. Since these genetic modifications do not affect growth rate or biofilm structure [17] and carried the same pilE sequence, they were labeled wt* in the text as well. All figure captions denote the exact strains used for the specific experiments.
We generated strains pilTWB1 and pilTWB2 that produced a non-functional form of the T4P retraction protein PilT. Since PilT forms hexameric rings [18] , we hypothesized that nonfunctional PilT had a dominant negative effect of T4P retraction dynamics. For tuning the dynamics, two strains were generated whereby non-functional pilTWB was expressed from promoters with different strengths. Here we were interested in the phenotypic effects of PilTWB production, i.e. the fact that the T4P retraction frequency and the rupture frequency were affected (Fig. 3) . Therefore, the relative levels of functional and non-functional PilT were not characterized.
PilT is an ATPase whose activity depends on the Walker A box for ATP binding and on the Walker B box for ATP hydrolysis. Exchanging the glutamate within the Walker B box by alanine results in non-functional PilTWB. To this end, pilT was amplified by PCR, using primers to replace E206A, resulting in pilTWB. For generating strain pilTWB1 with pilTWB expression under the control of the IPTG-inducible lac promoter (Ng171), the PCR fragment was restricted using PacI and FseI and cloned into the pGCC4 integration vector designed for integration between lctP and aspC. pGCC4 was a gift from Hank Seifert (Addgene plasmid # 37058).
PlacpilTWB was integrated by transforming Ng150 with pGCC4-PlacpilTWB by standard transformation protocols. This strain was induced by adding 1mM IPTG to the agar plates and the growth medium.
For generating strain pilTWB2 with pilTWB expression under the control of the strong pilE promoter (Ng176), the sequence of the PCR fragment encoding for pilTWB was fused to a PCR fragment amplified from genomic DNA containing the pilE promoter. The fragment was cloned into the SacI site of the integration vector pIGA [17] generating pIGA-PpilEpilTWB. PpilEpilTWB was integrated by transforming Ng150 with pIGA-PpilEpilTWB by standard transformation protocols.
For strain pilTWB2, we verified that pilTWB was expressed as follows. We generated strain pilTWB2 pilThis (Ng158) expressing His-tagged PilT in the native pilT locus and pilTWB under control of the pilE promoter in the igA1 locus. The His-tag was introduced by transformation with a PCRfragment containing the C-terminal sequence of pilT, the sequence encoding for six histidines, and a sequence downstream of pilT. This strain was transformed with pIGA-PpilEpilTWB.
Subsequently, we performed a Western blot with an antibody against PilT. The His-tag allowed separating the bands formed by PilT-His and by PilTWB. Ng158 whole cell protein extracts were prepared by sonifying cell material of a complete grown agar plate for 3 min. After adding Triton X-100 to a final concentration of 0.5%, samples were incubated for 30 min on ice. After centrifugation for 30 min at 16000 RCF the protein concentration was determined by Bradford.
Proteins were separated by SDS-PAGE in TG-prime gels (SERVA) containing 14%
acrylamide, transferred onto nitrocellulose membranes using wet electrotransfer. Membranes were blocked with 5% milk in TBST (10 mM Tris, 150 mM NaCl, 0.1% Tween-20) and incubated in the specific antiserum (anti-PilT at 1/3000, anti-GC at 1/2000) followed by horseradish peroxidase (HRP)-coupled anti-rabbit antibody (1/10 000). Membranes were developed by enhanced chemiluminescence ECL-plus (GE-Healthcare) and recorded using the Lumiimager. By quantifying the two bands generated by PilT-His and PilTWB, respectively (Fig. S5a) , we found that the protein ratio was PilTWB : PilT-His = 2.1 ± 0.4. The error is the standard deviation from three replicates. Note that in strain Ng158 recA was inducible (to inhibit pilin antigenic variation [19] [16]). T4P dynamics are comparable in strains expressing recA [20] and not expressing recA [21] . pilT is expressed both in the presence [6] and in the absence [22] of recA. Therefore, the lack of recA expression was not relevant for showing that pilTWB is expressed.
For strain pilTWB1, we verified that pilTWB was expressed as follows. Strain pilTWB1 was transformed with genomic DNA of the pilT strain (Ng178), generating pilTWB1 pilT (Ng182).
Ng182 whole cell protein extracts were prepared as follows. Cells were harvested from agar plates and used to inoculate 5 ml liquid cultures with a starting OD600 of 0.05, supplemented with 1 mM or without IPTG. After overnight incubation (37 °C, 5% CO2, 250 rpm shaking) cells were pelleted by brief centrifugation, subsequently resuspended in lysis buffer (Tris-HCL pH 8.5, 2 mM EDTA, 0.1% Triton-X) and boiled for 5 minutes at 95 °C. After centrifugation (30 min at 16000 RCF, 4 °C) the protein concentration was determined by Bradford. SDS-PAGE and Western blotting were performed as described above. In the absence of induction of pilTWB, no band was visible (Fig. S5b) . When Ng182 was induced with 1mM IPTG, the pilTWB band was visible showing that pilTWB was expressed.
Deletion of the retraction ATPase pilT abolishes the ability of T4P to retract and to generate force [23] . The ability to form pilus polymers remains intact [22] . The pilT deletion strain (Ng178) was generated by transforming Ng150 with chromosomal DNA from strain GT17 [24] and selecting for resistance against chloramphenicol.
Correct insertions were verified by sequencing.
Bacterial two-hybrid assay. -Chemically competent BTH101 cells (Table S1 ) were cotransformed with combinations of the different BACTH plasmids containing the ORFs of pilT and pilTWB, respectively (Table S3 ). Serial dilutions of the transformants were plated on LB plates supplemented with /X-gal, IPTG, 100 µg/ml Ampicillin and 50 µg/ml Kanamycin plates and incubated at 30°C for 48 hours in order to obtain about 100-200 colonies per plate. If the proteins interact with each other the resulting β-galactosidase activity results in blue colonies.
As a positive control, competent cells were co-transformed with the control plasmids pKT25-zip and pUT18C-zip whereas in the negative control cells were co-transformed with the plasmids pKT25 or pKNT25 and pUT18 or pUT18C. Bacterial cells to be assayed for ß-galactosidase activity were grown in 5 ml of LB broth in the presence of 0,5mM IPTG and appropriate antibiotics at 30°C overnight. 1.5 ml of the liquid cultures were centrifuged at 17. 
